Danofloxacin (CP-76,136) is in a class of agents that inhibit DNA gyrase and trigger induction of the SOS response and temperate bacteriophages. Killing studies against the bovine pathogen Pasteurella haemolytica demonstrated that danofloxacin exhibits particularly rapid killing kinetics. Here, lysogenic Escherichia coli bearing lambda is found to be more sensitive to danofloxacin than nonlysogenic E. coli. Danofloxacin exposure also induced a prophage in P. haemolytica. The potency of danofloxacin against lysogens is likely enhanced by this prophage induction.
Danofloxacin (CP-76,136) is in a class of agents that inhibit DNA gyrase and trigger induction of the SOS response and temperate bacteriophages. Killing studies against the bovine pathogen Pasteurella haemolytica demonstrated that danofloxacin exhibits particularly rapid killing kinetics. Here, lysogenic Escherichia coli bearing lambda is found to be more sensitive to danofloxacin than nonlysogenic E. coli. Danofloxacin exposure also induced a prophage in P. haemolytica. The potency of danofloxacin against lysogens is likely enhanced by this prophage induction.
The SOS response is one of the principal means by which bacteria deal with DNA damage (6) . In the SOS response, the LexA protein, the repressor of a number of DNA repair genes, becomes proteolytically inactivated, leading to induced expression of DNA repair functions. A consequence of the SOS response is the induction of temperate phages (13) such as phage lambda of Escherichia coli. In the lysogenic state, the phage lytic genes are turned off by a phage-encoded repressor, which is structurally similar to LexA, and also becomes proteolytically inactivated following DNA-damaging treatments. This repressor cleavage leads to induction of the lytic genes of the lambda prophage, resulting in phage production and cell lysis and death. Prophages and the SOS response are induced by a wide range of types of DNA damage, caused by agents ranging from UV irradiation to mitomycin. Certain inhibitors of DNA gyrase, such as nalidixic acid and a variety of quinolones, also cause DNA damage and induction (10, 11) .
These observations suggest that cells carrying an inducible prophage may be particularly sensitive to some inhibitors of DNA gyrase. A system of particular interest in this connection is Pasteurella haemolytica, a gram-negative bacterium and a principal agent of the bovine respiratory disease complex or shipping fever. Pathogenic strains (serotype A1) have previously been shown to carry a prophage that is induced by DNAdamaging treatments (12) . Danofloxacin is a broad-spectrum fluoroquinolone specifically developed for use against P. haemolytica and other bacteria pathogenic in cattle, swine, and poultry (4, 8) . This new quinolone is predicted to cause induction of the SOS response, and in fact, killing of P. haemolytica by danofloxacin in vitro is more rapid than with other bacteria and drugs with comparable MICs (3, 3a) .
To determine if lysogenic cells were more sensitive to danofloxacin in a controlled system, we compared the killing kinetics of two E. coli strains that differed only by the presence of a lambda prophage. MICs were determined in brain heart infusion broth by a standard twofold dilution technique according to the specifications of the National Committee for Clinical Laboratory Standards (9) with inocula of approximately 5.0 ϫ 10 5 CFU/ml prepared from isolated colonies by using the BBL Prompt wand system (Becton Dickinson). The MIC of danofloxacin for both E. coli strains was 0.078 g/ml. As shown in Fig. 1 , the strain carrying the lambda prophage was killed at a faster rate by 0.3 g of danofloxacin per ml than the nonlysogenic control. By 3 h of treatment, the viability of the lysogenic strain has dropped by 5 orders of magnitude, while the nonlysogen has been reduced by only about 3 orders of magnitude. In the absence of drug treatment, the two strains showed virtually identical viability for at least 5 or 6 h. It is thus apparent that the presence of an inducible prophage does make cells more sensitive to killing by danofloxacin.
To determine if danofloxacin could induce the prophage in P. haemolytica, we initially established that danofloxacin could cause cell lysis. Since no nonlysogenic strains of P. haemolytica are known (see below) and lysogenic strains cannot be used as hosts to titer phage, it was not possible to directly measure increases in phage titer following drug treatment. However, treatments which do induce the phage, such as mitomycin and UV irradiation, lead to cell lysis, and so this assay can be used as an initial test to see if danofloxacin causes induction and to determine the dose response for induction.
Results in Fig. 2A show the growth of P. haemolytica (danofloxacin MIC ϭ 0.039 g/ml) after treatment with 0.3 g of danofloxacin per ml for various periods of time. Cells treated with drug for 30 min (starting at time ϭ 0 min) and then resuspended in drug-free medium (at time ϭ 30 min) are seen to increase in density for about 60 min and then lyse starting at 90 min. This is identical to the growth pattern seen following the addition of mitomycin (1 g/ml) to cultures (data not shown) or following UV irradiation (12) . Little difference is seen as the time of treatment with danofloxacin is reduced to 20 min ( Fig. 2A) , but with 10 min of treatment, lysis is much less pronounced, although the cells stop increasing in density at approximately the same time as when lysis was observed in the other cultures. When cultures were treated for only 5 min with danofloxacin, no lysis was apparent, although the cells did not reach the same cell density as untreated cells. Figure 2B shows a comparable experiment with 0.1 g of danofloxacin per ml. In this case, longer treatment times are needed and lysis is not pronounced. Nevertheless, it is apparent that prior treatment with danofloxacin causes a delayed inhibition of growth after the drug is removed, as would be expected if it was inducing the prophage. Taken together, the results presented in Fig. 2 are consistent with the idea that danofloxacin causes DNA damage that induces the prophage in P. haemolytica leading to cell lysis. As expected, the degree of induction is related to total exposure of the bacteria to the drug, which is set by changing the time of exposure or concentration of the drug.
Since titering of phage particles was not possible, we decided to measure phage DNA synthesis as a direct demonstration of prophage induction. To do this, cells were treated with 0.3 g of danofloxacin per ml for 30 min and then resuspended in drug-free medium as described above. Samples of culture were removed at intervals, bound to a filter, and processed as for Southern blots. The filters were probed with radioactive phage DNA prepared from phage particles, and the amount of radioactivity bound to each sample was determined. The results are shown in Fig. 3 . Samples from the untreated culture bound some of the probe DNA, presumably reflecting the uninduced prophage DNA present in these cells. The amount of probe bound to the samples from the untreated culture did not increase substantially, and the culture did not lyse. In contrast, the samples from the culture that was treated with danofloxacin showed increasing amounts of bound probe DNA starting as soon as the drug was removed and lasting until the culture lysed about 1 h later. These data indicate that the prophage is induced by danofloxacin treatment, resulting in phage DNA replication and cell lysis.
In a previous study, it was found that of 15 isolates of P. haemolytica examined, all carried the prophage as determined by lysis after UV irradiation (12) . We have examined 14 additional strains, isolated from cattle with shipping fever, and found that all can be lysed by treatment with mitomycin (data not shown). The phage particles produced from three of the field isolates were purified, and their DNAs were analyzed by restriction enzyme digestion and agarose gel electrophoresis. In addition, phage DNA from one of the strains was also labelled and used as a probe to analyze genomic DNA from other P. haemolytica strains by Southern blotting. In all cases, the phage DNA gave the same restriction enzyme digestion pattern, corresponding to a genome about 40 kb in size (data not shown). Thus, we conclude that all strains examined carried the same prophage and that this phage is widely distributed among P. haemolytica.
These results are consistent with what may be a general principle, namely, that classes of antimicrobial agents that induce the SOS response should be particularly effective against bacteria harboring inducible prophages. Temperate phages occur widely and can be directly or indirectly responsible for virulence properties of pathogens (1) . This may provide an additional strategy for treating these infections. It should be noted that many bacteriocins are also induced by the SOS response and also lead to death of the induced cell by lysis (5) . The sensitization to quinolones and perhaps to certain other classes of therapeutic agents may be similar to that seen for lysogenic cells. Since bacteriocins, carried on plasmids, are likewise widely distributed, this may increase the applicability of the results shown here.
It is remarkable that every strain of P. haemolytica (type A1) tested so far (29 strains in two studies) is lysogenic, most likely carrying the same prophage. This strongly implies that the FIG. 1. Sensitization of E. coli MC1000 to danofloxacin by a lambda prophage. Killing kinetics of MC1000 (2) (circles) and MC1000 ( ϩ ) (squares) in brain heart infusion broth (Difco Laboratories) at 37ЊC. Untreated cultures (open symbols) and cultures treated with danofloxacin (0.312 g/ml) (solid symbols) are shown. A single, concentrated stock solution of danofloxacin (CP-76,136; Pfizer Inc.) at 39 g/ml in H 2 O was aliquoted and stored at Ϫ70ЊC for use throughout these experiments. To show that danofloxacin was not carried over from the liquid culture onto the agar medium, aliquots from a culture with drug were taken and one-half of each aliquot was washed three times before plating onto agar. No difference in colony counts was detected as a result of washing. All samples were plated in duplicate with an accurate detection limit of 30 to 100 CFU/ml, performed twice with identical results.
FIG. 2. Lysis of P. haemolytica by danofloxacin. P. haemolytica 59BO18, a virulent strain of serotype A1, was grown to early log phase and then treated with danofloxacin for different times as described in the text. After treatment, the cultures were centrifuged and resuspended in fresh medium without drug. prophage provides some important function to the cell, possibly one involved in virulence. Leukotoxin is an important virulence factor of P. haemolytica. However, we have found this is not encoded by the prophage (2a). Regardless of the benefit provided by the prophage, it is likely from the data presented here that its presence increases the sensitivity of cells to danofloxacin. Thus, this drug should be particularly effective as a therapeutic agent against P. haemolytica infections. Moreover, agents that induce the SOS response may be particularly effective in the control of infections commonly associated with lysogenic bacteria.
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